Solarization is an effective soil treatment against race 4 of Fusarium oxysporum f. sp. vasinfectum. Despite the lack of effective alternatives, solarization is rarely used in cotton because of its high cost. Use of solarization might be increased if soil temperatures could be used to predict reductions in pathogen inoculum levels, thereby ensuring high levels of efficacy. However, relationships between survival of race 4 chlamydospores, soil moisture, and temperatures typical of solarized soil are not known. Survival of culture-and plant-produced chlamydospores of race 4, incubated at 40°C in dry or moist environments, indicated the importance of moisture in determining spore survival.
Few options are currently available in California cotton (Gossypium spp.) for managing Fusarium wilt caused by race 4 of Fusarium oxysporum f. sp. vasinfectum W.C. Snyder & H.N. Hansen (7) . Availability of commercial Pima (Gossypium barbadense L.) cultivars highly resistant to race 4 are presently limited to Phytogen 800 and 805RF (Dow AgroSciences) (12, 31) . These cultivars accounted for 72% of the 2011 Pima acreage in California (32) but neither is immune to race 4. Significant early-season stand losses have been observed for Phytogen 800 and 805RF in sites with high levels of inoculum (R. S. Bennett, unpublished data). Furthermore, high levels of resistance to race 4 are presently unavailable in upland cotton cultivars (G. hirsutum L.; 12, 30) , which represent 98% of U.S. cotton acreage (33) . Strategies for managing populations of the root-knot nematode Meloidogyne incognita (Kofoid & White) Chitwood (13, 18, 26) , which aid in managing Fusarium wilt caused by races 1 and 2, are not applicable to race 4 because race 4 causes severe disease in both clay loam and sandy soils in the absence of nematodes (3, 17) .
Soil treatments for reducing pathogen inoculum are generally too costly for large-scale use in cotton but may be feasible for treating limited disease hotspots. The most effective fumigants for reducing Fusarium wilt in a recent study, 50:50 (wt/wt) methylbromide + chloropicrin, and 60:40 (vol/vol) chloropicrin + 1,3-dichloropropene, cost more than $2,100/acre to apply (3) . However, the same study found that 6 weeks of soil solarization (soil heating under transparent plastic film; 16) in July and August was as effective as fumigation for reducing soil counts of F. oxysporum and plant mortality. Advantages of soil solarization over fumigation include the lack of environmental and safety regulations required for application of solarization and reduced chance of creating a biological vacuum that enhances subsequent recolonization by pathogens (14) . The reduction in disease from a single solarization application may also persist for multiple years (15) . Unfortunately, solarization is also expensive (approximately $1,200/acre for polyethylene film) and the treated area must be idled for the duration of treatment. Furthermore, treatment of disease hotspots may pose logistical challenges associated with moving plasticlaying equipment and water to remote sites within fields under production. Once in place, the treated area may obstruct the movement of irrigation water to the surrounding crop. Despite these limitations, solarization may be a viable management tactic if a high level of efficacy could be guaranteed. The efficacy of solarization might be optimized by monitoring soil temperatures and adjusting duration of treatment to maximize inoculum reduction.
Use of soil temperatures to predict inoculum reduction requires detailed knowledge of the ability of F. oxysporum f. sp. vasinfectum chlamydospores to survive under solarization conditions. In the Central Valley of California, temperatures of approximately 34 to 38°C at a depth of 30 cm can be attained during the period from June through August in solarized plots (5; R. Bennett, unpublished data). Several studies have measured the effects of temperatures above 30°C on the viability of soilborne fungal pathogens (8, 23, 27, 34) . However, few studies have examined these effects on chlamydospores of Fusarium spp., which are more resistant to heat (2, 8) and fumigants (10) than are conidia. Freeman and Katan (8) found that germination of F. oxysporum f. sp. niveum W.C. Snyder & H.N. Hansen conidia was delayed when spores were heated to 38 or 40°C for 30 to 90 min. Temperatures of 40°C for 120 min or 42°C for 60 min were required to obtain similar effects on chlamydospore germination (8) .
Although protocols for generating chlamydospores in media are available (1, 9, 19, 22) , a deterrent to studies of factors influencing chlamydospore survival may be the relative difficulty with which high numbers of chlamydospores can be produced, relative to the production of conidia. In addition, culture-produced chlamydospores may differ from chlamydospores produced naturally in plant tissues. Physiological differences between culture-produced and natural inoculum have been observed for other fungi and oomycetes (21, 25) . The objectives of this study were to compare survival of chlamydospores of F. oxysporum f. sp. vasinfectum produced in culture to those produced in cotton, and to determine survival of culture-produced chlamydospores under a range of temperatures achieved during soil solarization.
Materials and Methods
Production of culture-and plant-produced chlamydospores. A race 4 isolate of F. oxysporum f. sp. vasinfectum, CA14 (17) , was used to generate chlamydospores in culture and within cotton stems. Culture-produced chlamydospores were grown using a modification of the soil broth of Goyal et al. (9) . A total of 125 g of air-dried SuperSoil Potting Soil (Scotts Miracle-Grow) in 500 ml of reverse-osmosis water (Titan 500, RO Ultratech; total dissolved solids <50 ppm) was agitated at 90 rpm for 1 h on an orbital shaker. Ingredients listed on the label for SuperSoil Potting Soil (NPK ratio of 0.14-0.09-0.02) are peat, sphagnum peat, forest products compost or compost, urea, ureaform, monoammonium phosphate, potassium nitrate, ferrous sulfate, and a wetting agent. Large particles were removed by pouring the mixture through a 1.7-mm mesh soil sieve. The collected soil broth was filtered through eight layers of cheesecloth to remove floating particles. The twice-filtered broth was divided into three aliquots of approximately 50 ml each. Each aliquot was autoclaved at 121° C for 60 min on two consecutive days. Sediment remaining in the sterilized broth was allowed to settle approximately 3 h before the liquid fraction was decanted into three sterile 125-ml flasks. The clear soil broth was inoculated with a conidial suspension made from a 5-to 10-dayold culture on carnation leaf agar in 60-mm petri plates. Flasks of inoculated soil broth were agitated for 7 days at room temperature (24 to 27°C) on a bench-top orbital shaker at 90 rpm.
Mycelium-chlamydospore aggregates from flasks were removed with a sterile wooden applicator and placed in 50 ml of sterile water in a sterile stainless steel mini-blender container (Waring Laboratory). Aggregates were broken into small clusters (one to three chlamydospores each) with five 30-sec blending sessions. Blender containers were chilled on ice after every two blending sessions to prevent heating the spore suspension. The concentration of chlamydospores was determined using an improved Neubauer hemacytometer (Hausser Scientific). Clusters of chlamydospores not separated by hyphae were occasionally observed on the hemacytometer. These clusters were assumed to remain intact once plated on media and, thus, were counted as a single CFU.
Cotton stems infected with CA-14 were obtained from greenhouse-grown plants of the highly susceptible Pima 'DP744' (Delta and Pine Land Company; 11,17). When DP744 was planted at a high inoculum level, F. oxysporum f. sp. vasinfectum race 4 was isolated at nearly 3,000 CFU/g of fresh stem tissue (11) . Because DP744 exhibited severe symptoms, including vascular necrosis (11) , it is likely that many of the CFUs originated from chlamydospores (24, 30) . A chlamydospore suspension, diluted to a total volume of 1 liter, was used to infest 550 g of a commercial potting mix (Sunshine Mix Number 1; Sun Gro Horticulture) to 3,000 chlamydospores/g. The 1-liter spore suspension was mixed into the potting mix for 30 min using a Kitchen Aid Pro Stand Mixer and the flat beater attachment. The infested potting mix was placed in a 5-liter pot and planted with 25 to 30 seeds of DP744. In total, eight pots of infested potting mix were used in the experiments, and seedlings were grown in a greenhouse set at 15.6 to 32°C. At 17 to 21 days after planting, dead and dying seedlings were uprooted and rinsed free of soil. Seedlings, air dried for a minimum of 2 weeks at room temperature, were trimmed to collect 2.5-cm-long stem sections from both above and below the soil line. A sample of stems was surface sterilized by immersion for 1 min in 95% ethanol, followed by 1 min in a 10% solution of household bleach (0.6% NaOCl, wt/vol), and finally, two 1-min rinses in sterile water. Surface-sterilized stems were placed on Komada's medium (20) to confirm infection by F. oxysporum f. sp. vasinfectum.
Survival of culture-and plant-produced chlamydospores.
Survival of chlamydospores was assessed at 40°C in both dry and moist environments. For each assayed sample of culture-produced chlamydospores, 10 g of sterile Wasco sandy loam (coarse-loamy, mixed, superactive, nonacid, thermic Typic Torriorthents) was placed in a petri dish. Chlamydospore suspensions were diluted to 3 × 10 5 chlamydospores/ml with sterile reverse-osmosis water. The spore suspension (167 µl) was added to the sterile soil in 6 to12 droplets to obtain approximately 5,000 chlamydospores/g of soil. Dishes assigned to the moist treatment received an additional 1.2 ml of sterile water, which was a sufficient volume to disperse throughout the 10 g of soil within an hour. The weight of each petri dish assigned to the moist treatment was recorded on its respective lid. Petri dishes assigned to the dry treatment received no additional water.
Surface-sterilized stems were assayed in individual petri dishes lined with a sterile 5.5-cm-diameter disk of filter paper. For dishes assigned to the moist treatment, a quadrant cut from a 5.5-cmdiameter cotton pad was moistened with 1.5 ml of sterile water and placed adjacent to each stem. The total weight of the dish containing the stem and moistened pad was then recorded on the dish lid.
Lids of all dishes in the chlamydospore and stem assays were secured with strips of Parafilm before the dishes were placed in a plastic container with a loose-fitting lid. The container was held in an incubator maintained at 40 ± 0.5°C. Temperature over the duration of exposure was monitored using a HOBO data logger (Onset). Once weekly, dishes assigned to the moist treatment were weighed and sterile water was added to compensate for evaporation.
Survival of culture-produced chlamydospores was assayed at a total of 16 exposure times (0, 1, and 2 days and every 2 days thereafter to 28 days). Survival of chlamydospores in infected stems was assayed on the same days as for culture-produced spores, except the assays corresponding to 1 day of exposure were omitted. The experiment was conducted three times. Each repetition of experiment included four replicate dishes of each moisture and time combination for a total of 128 dishes for culture-produced chlamydospores and 120 dishes for naturally infected stems.
Survival of culture-produced chlamydospores was assessed by suspending the contents of each plate in 0.1% sterile water agar and mixing thoroughly on a stir plate. Dilutions necessary to provide <100 CFU per assayed plate were determined in preliminary experiments. Dilution factors ranged from 500 for plates assessed at day 0 to 2.5 for plates containing moist soil that were incubated for >4 days. Aliquots of soil suspension from each plate were spread on six plates (subsamples) of acidified half-strength potato dextrose agar (APDA; BD Difco), adjusted to pH 3.9 with 10% lactic acid. Plates containing APDA were incubated at room temperature with a 12-h photophase provided by fluorescent lights, and F. oxysporum f. sp. vasinfectum colonies were counted after 5 to 7 days.
Survival of chlamydospores in individual stems was assessed on plates of Komada's medium incubated under the same conditions as the assay plates of culture-produced chlamydospores. Stems were rated as having viable (rating 1) or not viable (rating 0) F. oxysporum f. sp. vasinfectum after 5 to 14 days.
Survival of culture-produced chlamydospores under solarization temperatures. Survival of culture-produced chlamydospores in moist soil was initially tested at 30, 35, and 40°C. A separate experiment was then conducted at 37, 39, and 41°C to further explore the influences of high temperatures on chlamydospore survival. Plates for both experiments were prepared and incubated as previously described. In both experiments, survival was assessed after 12 different exposure times, beginning with days 0 and 2 and at every 4 days thereafter for up to 6 weeks. Four replicate plates were prepared for each combination of temperature and incubation time for a total of 144 plates per experiment. Each experiment was conducted three times. Dilution factors necessary to obtain desired plate counts (<100 CFU/plate) were determined in preliminary experiments. Dilution factors ranged from a maximum of 2,000 for assays of plates held at 30°C for 6 to 42 days to a minimum of 2.5 for plates held at 40 or 41°C for 6 to 42 days.
Statistical analyses. Survival of plant-produced chlamydospores in moist or dry environments incubated at 40°C was examined by logistic regression. The response variable was presence of viable F. oxysporum f. sp. vasinfectum in stem sections. Initial analyses using the SAS procedure PROC LOGISTIC (SAS v. 9.22) included fixed effects of moisture level, day of exposure, experimental trial, and all possible interactions. The saturated model was then simplified, retaining model hierarchy, and appropriateness of the final model was assessed by the Hosmer and Lemeshow goodness-of-fit test (LACKFIT option of the MODEL statement). The reduced model contained only main effects. Approximate means and standard errors in the original metric (probabilities) were obtained using the ILINK option of the LSMEANS statement.
Mixed-model analyses of the survival of culture-produced chlamydospores were conducted using PROC GLIMMIX of SAS, with the number of CFUs per gram of soil as the response variable. Time of exposure (days) was included as a fixed effect and repetition of experiment was considered a random effect. The combined data from dry and moist soil plates exhibited extreme heterogeneity of variance because of the marked differences in the numbers of colonies between the two moisture treatments. Therefore, data corresponding to dry and moist soil were analyzed separately. Separate analyses of chlamydospore survival under dry and moist conditions still indicated some heterogeneity of variances and nonnormality of errors. The extent of these distributional problems was minimized by analyzing the log 10 -transformed mean CFUs from the six subsamples (APDA plates) per experimental unit. In addition, incubation times at which no CFUs were observed were excluded from analyses of the moist soil plates.
Analyses of the survival of culture-produced chlamydospores at 30, 35, and 40°C exhibited problems with heterogeneity of variance and lack of normality similar to those encountered in the analyses of culture-produced chlamydospores in dry and moist soil. These problems were minimized by analyzing the data for each temperature separately using the same approach (log 10 -transformed means of subsamples) as was used in analyses of culture-produced chlamydospores in moist soil. Where trends in chlamydospore survival warranted comparisons among times of exposure, experiment-wise type I error was controlled at α = 0.05 using the ADJUST=SIMULATE option of the LSMEANS statement. The identical analytical approach was used in analyses of the second experiment at 37, 39, and 41°C. For both of the experiments examining the influence of solarization temperatures, results are presented as log 10 -transformed means and standard errors.
Results

Survival of plant-and culture-produced chlamydospores.
Logistic regression indicated that presence or absence of moisture (χ 2 = 68.8; df = 1; P < 0.01), duration of incubation (χ 2 = 38.8; df = 14; P < 0.01), and trial (χ 2 = 12.6; df = 2; P < 0.01) influenced the probability of recovering F. oxysporum f. sp. vasinfectum from infected stems incubated at 40°C. Viable chlamydospores were isolated from all stems incubated in a dry environment regardless of exposure time (mean probability = 1.0). The probability of recovering F. oxysporum f. sp. vasinfectum from stems incubated in a moist environment was significantly influenced by duration of incubation (χ 2 = 39.7; df = 14; P < 0.01; Fig. 1 ). The mean probability of survival declined rapidly from day 0 (0.91 ± 0.08) to day 10 (0.05 ± 0.06).
Although the influence of moisture level was not tested in analyses of survival of culture-produced chlamydospores, trends similar to those observed for survival of plant-produced spores were apparent (Fig. 1) . Culture-produced chlamydospores incubated on dry soil at 40°C were still viable after 28 days of incubation but survival of chlamydospores incubated on moist soil declined rapidly (Fig. 1) . No colonies were recovered from chlamydospores incubated on moist soil for more than 14 days at 40°C (data for longer durations were excluded from analysis). Survival of chlamydospores declined through the first 4 to 6 days of incubation regardless of moisture level (dry: F = 28.54; df = 15, 172; P < 0.01; moist: F = 307.97; df = 8, 96.01; P < 0.01).
The number of CFUs recovered at day 0 from both the dry and moist soil plates was more than twice the calculated quantity applied to the soil. This apparent error was probably caused by the presence of viable mycelial fragments and conidia in the chlamydospore suspension, both of which were visible on the hemacytometer when chlamydospores were quantified. The number of viable chlamydospores in the dry soil plates declined nearly 10-fold between day 0 and day 1 (P = 0.01). This decline may have resulted from lethal desiccation of mycelium and conidia. However, the number of CFUs per plate stabilized by day 4. Comparisons of chlamydospore survival at incubation times between days 4 and 28, inclusive, indicated that only colony counts on day 16 of incubation were significantly lower than those on day 4 (Fig. 1).   Fig. 1 . Survival of plant-and culture-produced Fusarium oxysporum f. sp. vasinfectum (FOV) chlamydospores (probability ± standard error [SE]; mean log 10 CFU ± SE, respectively) exposed to 40°C under dry or moist conditions.
The comparatively low colony count corresponding to day 16 of incubation did not reflect a meaningful trend in the data and may represent sampling error. In contrast to survival on dry soil, survival of chlamydospores incubated on moist soil declined rapidly from nearly 14,000 CFU/g at day 0 to 23 CFU/g at day 4. Fewer than 1 CFU/g was recovered from moist chlamydospore plates incubated at 40°C between 8 to14 days.
Survival of culture-produced chlamydospores under solarization temperatures. In the experiment testing survival of culture-produced chlamydospores incubated at 30, 35, and 40°C, the duration of incubation influenced survival at all temperatures (30°C: F = 60.88; df = 11, 130; P < 0.01; 35°C: F = 6.87; df = 11, 130; P < 0.01; 40°C: F = 750.75; df = 2, 31; P < 0.01; Fig. 2 ). At 30°C, conditions were favorable for growth of F. oxysporum f. sp. vasinfectum and mycelium was visible on the surface of many plates. Significantly fewer colonies were recovered from plates incubated at 30°C at day 0 than at other days (P < 0.01). Plates incubated 6 to 42 days at 30°C did not differ in the number of colonies recovered (P > 0.46). At 35°C, chlamydospore survival declined over time, and the number of colonies recovered at day 0 was significantly higher than at days >26 (P < 0.01). However, nearly 1,000 CFU/g were still recovered after 42 days of incubation (Fig. 2) . No colonies were recovered from plates incubated ≥10 days at 40°C. At 40°C, the number of colonies decreased sharply from over 16,000 CFU/g at day 0 to less than 1 CFU/g by day 6 (Fig. 2) .
In the second experiment, evaluating survival at 37, 39, and 41°C, no colonies were recovered after 18 days of incubation at 39°C or after 6 days at 41°C (Fig. 2) . Duration of incubation influenced chlamydospore survival at all temperatures (37°C: F = 76.21; df = 11, 90.13; P < 0.01; 39°C: F = 194.19; df = 5, 39; P < 0.01; 41°C: F = 254.39; df = 2, 21; P < 0.01). Nearly all chlamydospores incubated at 37°C were dead after 34 days. At 39°C, the number of colonies recovered was nearly 0 and not significantly different among incubation times from 10 to 18 days (P > 0.53; Fig. 2 ). Viability of chlamydospores incubated at 41°C was similar to that at 40°C, with numbers of colonies declining sharply until fewer than 1 CFU/g were recovered by day 6 (Fig. 2) .
Discussion
Observed survival trends of plant-and culture-produced chlamydospores held at 40°C in the presence or absence of moisture were similar. In soil solarization, moisture is usually applied because the presence of water increases thermal sensitivity of pathogens (14, 16, 23, 28, 34) . In this study, chlamydospores of F. oxysporum f. sp. vasinfectum also appeared more sensitive to high temperatures in the presence of water than under dry conditions. Under dry conditions, many plant-and culture-produced chlamydospores remained viable after 28 days of incubation at 40°C. Under moist conditions at 40°C, survival of chlamydospores from both sources declined rapidly, and nearly all were dead after 10 days of incubation. Although data from infected stems were qualitative, colony emergence from moist stems incubated for several days at 40°C was noticeably delayed compared with emergence from stems assayed at day 0 (data not shown). This delayed emergence may have resulted from deleterious effects of heat treatment on chlamydospore survival, germination, and growth. Freeman and Katan (8) observed significantly slower germ tube growth in surviving chlamydospores of F. oxysporum f. sp. niveum after 2 h of exposure to moist heat at 40°C.
Because survival of culture-and plant-produced chlamydospores was reasonably similar, only culture-produced chlamydospores were used to test survival under a range of temperatures typical of solarized soil. Culture-produced chlamydospores could be produced more quickly than plant-produced chlamydospores, which allowed collection of more quantitative data. Most chlamydospores were killed within 10 days of exposure to moist heat at temperatures from 39 to 41°C. In contrast, nearly 5 weeks of incubation were required to kill most chlamydospores at 37°C. Chlamydospore survival declined slightly with incubation under moist conditions at 35°C but colony counts remained high even after 42 days of exposure. Although soil temperatures obtained under solarization vary with soil depth, temperatures of 39 to 40°C are achievable at depths ≤20 cm during summer in the Central Valley (5,27; R. S. Bennett, unpublished data). At a depth of 30 cm, soil temperatures may fluctuate from 34 to 38°C (5) . In practice, the temperatures achieved by solarization will vary among sites and time and with local weather conditions (4). For example, the maximum soil temperatures achieved between May and September in Davis, CA at a depth of 15 cm varied between 39 and 48°C (27, 29) . Therefore, even if the relationship between temperature and pathogen mortality is known, it may be necessary to monitor solarization temperatures to ensure consistent results.
Durations necessary for effective solarization were estimated for Verticillium dahliae, Pythium ultimum, Rhizoctonia solani, and Thielaviopsis basicola based on models of thermal death rates (27) . Pullman and colleagues used constant temperatures and axenic cultures of these pathogens, as was used in this report, to determine 90% lethal dose exposure times at 37 to 50°C (27) . Much work remains to determine whether thermal death rates under simulated solarization temperatures are useful predictors of survival of inoculum under field conditions. Constant temperatures were used in these experiments but soil temperatures fluctuate diurnally. Shlevin et al. (28) studied the effect of fluctuating greenhouse temperatures (less than or equal to approximately 60°C) on chlamydospore survival but the influence of fluctuating temperatures typically achieved during soil solarization is not known. Short durations of high temperatures may be sufficient to kill or weaken chlamydospores (8) but fluctuating temperatures may possibly induce heat resistance (6) . Chlamydospores of F. oxysporum f. sp. dianthi pretreated at 45°C demonstrated significantly less mortality after exposure to 55°C than chlamydospores receiving no pretreatment (6) . In addition to potential differences between constant and fluctuating temperatures, the absence of antagonistic or competing microorganisms in this study may have influenced relevance of these results to field conditions. Mortality of heat-treated V. dahliae (27) and F. oxysporum f. sp. niveum (8) was more rapid in nonsterile soil than in axenic culture. Finally, the focus of the current study was pathogen mortality but heat treatment has also been shown to reduce virulence in F. oxysporum conidia (8) . Therefore, chlamydospores surviving heat treatment may also be reduced in virulence. In that case, solarization may be more effective than is indicated by estimates of pathogen mortality. Careful examination of these aforementioned factors will be necessary in order to develop a realistic model of thermal death rates for F. oxysporum f. sp. vasinfectum under field conditions.
